Editor's key points † Cognitive dysfunction after cardiac surgery might be associated with decreases in cerebral oxygen saturation. † Patients developing intraoperative cerebral desaturation showed worse early postoperative cognitive test results than patients without cerebral desaturation. † Hypnotic drug selection might be one of the factors attenuating the effects of cerebral desaturation on cognitive outcome after on-pump cardiac surgery.
The present study was designed to determine whether patients after sevoflurane-based anaesthesia differ from patients after propofol-based anaesthesia in postoperative cognitive test results and the incidence of major organ dysfunction after on-pump cardiac surgery. To control for intraoperative changes in cerebral perfusion, the second objective was the impact of intraoperative cerebral desaturation on postoperative cognitive and major organ function. The third objective was whether the impact of cerebral desaturation on postoperative function was dependent on the anaesthesia regimen used. The question whether patients are able to complete cognitive testing at all as early as 2 days after cardiac surgery was another secondary objective.
Methods

Patients and study design
The study is registered in the European Clinical Trials Database no. 2005-004928-39 and the ISRCTN Register (ISRCTN44821042).
After approval of the local ethical committee and written informed consent, 128 patients undergoing elective cardiac surgery with CPB were enrolled in this prospective randomized study. Exclusion criteria were age below 18 yr, overt neurological diseases or dementia, significant stenosis of the carotid arteries, pregnancy, contraindications for sevoflurane, insufficient knowledge of the German language, and emergency indication.
The randomization was performed after written informed consent was obtained. Multiple randomization lists stratified by age (,65 and ≥65 yr) and type of operative procedure (CABG, valve, or combined procedures) were used to provide equal groups.
Justification of sample size
The size and direction of a possible difference in cognitive function between different anaesthesia regimens cannot be determined on the basis of empirical data. According to Cohen, 16 an effect size of d¼0.50 is a low-to-median effect and should be clinically relevant. Assuming an a error of 5% and a b error of 20%, a sample size of N¼126 with n¼63 in each group is considered sufficient to identify relevant group differences.
Intervention
Oral premedication followed a standardized institutional protocol. All patients were equipped with a radial artery catheter, central venous catheter, and pulmonary artery catheter. Additionally, all patients were equipped with bi-hemispherical near-infrared spectroscopy sensors (INVOS Cerebral Oximeter 5100, Somanetics, Troy, MI, USA) (see below) and a bispectral index (BIS) probe on the forehead. Before CPB, all patients received 400 IU kg 21 heparin, achieving an activated clotting time above 500 s. Surgery was performed in moderate hypothermia using antegrade blood cardioplegia according to Buckberg and a-stat pH management. After weaning from CPB, protamine was applied as appropriate. 
Neurocognitive and psychometric tests
All patients performed a set of psychometric and neurocognitive tests on the day before surgery and 2, 4, and 6 days after surgery. For all cognitive tests, parallel versions were used at random at the different measurements. The tests were selected on the basis of the Statement of Consensus on Assessment of Neurobehavioral Outcomes After Cardiac Surgery 17 and adapted to a preceding study of our group. 18 Most of the tests are taken from the 'Nuremberg Geriatric Cognitive function after sevoflurane-vs propofol-based anaesthesia BJA Inventory (NGI)'. 19 All tests can be requested in printed form from the corresponding author. The German self-report inventory BSKE (Befindlichkeitsskalierung anhand von Kategorien und Eigenschaftswö rtern) 20 was used to measure the positive and the negative mood. The 'Abbreviated Mental Test (AMT)' 21 was used to assess cognitive impairment, dementia, or postoperative delirium. 22 Information processing was assessed by a German TrailMaking Test (TMT). 23 A modified version of the Stroop Test was used to measure directed attention and interference. 23 For the assessment of memory ability, patients were required to reproduce 10 previously read words without a time restriction [Word List (WL-N)]. All neurocognitive tests were performed by three trained investigators who instructed the patients in a standardized manner. The investigators were blinded to the anaesthesia protocol.
If patients were still on respirator or haemodynamically unstable in the ICU or if they were disorientated or unresponsive, they were referred to as 'cannot perform test'. Patients who had to stop testing due to fatigue or other discomfort were documented as 'did not complete test'. These two groups were compiled in the group 'not able to be tested'.
Cerebral oxygen saturation measurement
Regional cerebral oxygen saturation (Sc O 2 ) measurement was started before induction of anaesthesia with the patient breathing room air, using this value as the baseline.
Cerebral desaturation was defined as intraoperative Sc O 2 , 50%.
Measurement was continued throughout the surgical procedure and ICU stay until extubation. The INVOS monitor was covered to the attending physician throughout the data collection. The analysis of the collected data was performed after cessation of the study period.
Markers of organ function and clinical outcome parameters
On the day before surgery, after admission to the ICU, and days 2, 4, and 6 after surgery, blood tests included electrolytes, creatinine, liver enzymes, white and red blood cell counts, creatine kinase, troponin, S100-b, and C-reactive protein. Haemodynamic variables, temperature, and blood gas analyses were obtained several times intraoperatively at defined stages of cardiac surgery. The duration of surgery and CPB, aortic cross-clamp time, intraoperative need for cardiac assist devices, inotropic agents, vasopressors, blood components, and insulin were documented.
The clinical outcome was compiled in the four major organ systems: brain, kidney, heart, and lung, as described in Table 2 . One point was added for each developing complication, comprising a 'Major complication Score (MaCS)' with a minimum of 0¼no complication and a maximum of 4¼complications in major organ systems.
Statistical analysis
If not stated otherwise, data are given as mean (SD). The Kolmogorov -Smirnov test was used for identification of the normality of distribution. Univariate statistics were performed by Student's t-test for independent samples or the x 2 test (nominal data) as appropriate. Binary logistic regression was performed to determine predictors for the ability to perform cognitive tests 2 days after cardiac surgery.
The analysis was performed with a 2×2-factorial plan with the randomized factor "anaesthesia-protocol" and the factor "desaturation". Reasons for omitting the tests were documented and analysed separately. Missing data were then amended by the means of the respective groups. Group differences were analysed by analysis of variances for repeated measures with the factors, time, anaesthesia protocol, and desaturation (MANOVA). In the case of preoperative group differences, the preoperative test result was incorporated as the covariate (MANCOVA).
Statistical significance was assessed at the 5% level. The statistical analysis was performed without a-adjustment; therefore, the results are considered mainly explanatory.
Results
Recruitment
A total of 153 patients fulfilled the inclusion criteria during the study period, but 25 patients refused to participate in the study, leaving 128 patients for randomization.
Sixty-four patients were randomized for each anaesthesia regimen; 11 patients could not be analysed for various reasons ( Fig. 1) , leading to the final n¼60 patients in the propofol group and n¼57 in the sevoflurane group. In the propofol group, n¼14 (25%) patients had intraoperative cerebral desaturation and n¼42 (75%) patients had no desaturation. In n¼4 patients, the Sc O 2 measurement could not be analysed correctly. In the sevoflurane group, n¼20 (37%) patients had desaturation and n¼34 (63%) had no desaturation; in n¼3 patients, the measurement could not be analysed. The incidence of desaturation was not significantly different in the anaesthesia groups (P¼0.172). 
Cognitive function
Analysis of the baseline cognitive tests on the day before surgery showed a main effect of cerebral desaturation in the AMT and in the WL-N. Patients with subsequent intraoperative cerebral desaturation had lower scores in the AMT and remembered fewer words in the WL-N (Table 3) .
To adjust for the differences in the baseline measurements, an analysis of covariance with repeated measures was performed for the AMT and WL-N with the preoperative test result as the covariate (MANCOVA). Table 4 summarizes the results of the analysis of variance for repeated measures.
A main effect for intraoperative desaturation was present in three of the four cognitive tests. Patients with intraoperative desaturation showed worse results in the AMT, Stroop Test, and TMT. A main effect was found for the anaesthesia regimen in all four cognitive tests. Patients with sevofluranebased anaesthesia showed better results in all tests. Further, a main effect for the time of measurement was found in all cognitive tests. Worst results were found on day 2 after surgery.
Interactions were found between the anaesthesia regimen and desaturation in all four tests; patients with desaturation under propofol showed worse results than those with desaturation under sevoflurane. The interaction between anaesthesia and time reached significance only in one test, whereas the interaction between time and desaturation was significant in three tests; patients with and without desaturation showed time-course differences in the linear trend. The interaction between time, anaesthesia, and desaturation was significant in all four tests. 
Organ function
There were no relevant differences in patient characteristic data, baseline laboratory results, and surgery-related data (Table 3 ). There was a significant main effect regarding cerebral desaturation in the baseline Sc O 2 . Patients who subsequently developed cerebral desaturation had lower baseline Sc O 2 immediately before surgery (Table 3) .
The analysis of variance for repeated measures showed no relevant main effects or interaction between the anaesthesia regimen and intraoperative cerebral desaturation in creatinine, troponin I, S100-b, or C-reactive protein (Fig. 3A-D) .
Assessed for eligibility n=153
Refused to participate n=25
Randomized n=128
Allocated to propofol-based anaesthesia n=64 Received allocated intervention n=62 Unexpected off-pump procedure n=1 Accidentally wrong type of anaesthesia n=1
Allocated to sevofluranebased anaesthesia n=64 Received allocated intervention n=62 Operation cancelled n=2
Lost to follow up: operative re-exploration n=2
Lost to follow up: operative re-exploration n=3 patient died n=2
Analysed n=60
Analysed n=57 There were no significant group differences in the MaCS (Table 2) . However, more patients with desaturation under propofol had one or more complications (P¼0.018; Fig. 4 ).
There were no group differences regarding ventilation time or length of stay in the ICU, in the high dependency unit, or the hospital (data not shown).
Ability to perform tests
Two days after surgery, 62 patients (53.0%) completed the cognitive tests. Twenty (17.1%) patients refused to do the tests, and in seven cases (6.0%), the data were incomplete or missing for unknown reasons. Twenty-eight (23.9%) patients were labelled 'not able to be tested' (see the Methods section). The characteristics of patients who were not able to be tested 2 days after cardiac surgery are shown in Table 5 . These patients were older, had more often a lower educational level, and suffered from diabetes mellitus compared with the patients who did complete the tests. Patients who had refused testing were excluded from this analysis. More patients who were not able to be tested had received a propofol-based anaesthesia (P¼0.046). The type and duration of operation, CPB time, and aortic , 50%, and the anaesthesia regimen were inserted in a binary logistic regression model. It identified age above 65 yr, low educational level, and desaturation with Sc O 2 , 50% as independent predictors of the inability to accomplish cognitive tests 2 days after surgery (Table 6 ).
Discussion
In the present study, patients who developed intraoperative cerebral desaturation showed worse early postoperative cognitive test results than those without cerebral desaturation. Cerebral desaturation has been defined as intraoperative regional cerebral oxygen saturation below 50% of the absolute value measured with near-infrared spectroscopy. However, patients who subsequently developed cerebral desaturation did not only start with lower baseline cerebral oxygen saturation but also showed worse baseline test results in two of the four cognitive tests used. The differences in baseline cognitive status could be eliminated statistically for the analysis of the postoperative tests results, but the fact that patients suffering desaturation had lower baseline cognitive performance by chance allows investigation of a known cerebral insult (subsequent desaturation events) in the setting of decreased cognitive performance pre-insult. Stern 24 has introduced the model of cognitive reserve. It refers to the individual differences in the cognitive processes that allow some people to cope better with brain pathology than others and has been related to intelligence, age, educational level, and social activity, many of which were significant predictors of postoperative cognitive performance in our study ( Table 5 ). The association of desaturation events with subsequent poor cognitive test results might therefore be understood as a physiological insult which has its greatest effect in patients with low cognitive reserve.
Intraoperative cerebral desaturation measured with nearinfrared spectroscopy has been shown to be associated with postoperative central nervous system dysfunction. The definition of which threshold is regarded as potentially harmful desaturation varies. Yao and colleagues 7 described a cerebral desaturation below 40% of the absolute values to be predictive of postoperative cognitive impairment. Slater and colleagues 10 showed that a desaturation of more than 3000 s × % below 50% of the absolute values was associated with cognitive decline and prolonged hospital stay. In the present study, only a total of nine patients in both groups showed desaturations below 40% of the absolute value. We therefore decided to choose the cut-off value of Sc O 2 , 50% described by Slater and colleagues. In our cohort, the mean area under the curve below 50% was 2295 s × % for both hemispheres added. The declines in cerebral oxygenation observed in the present study must therefore be regarded as moderate desaturation. The differences in cognitive test results in the present study between patients with and without cerebral desaturation support the tighter threshold of Sc O 2 .
The first postoperative cognitive tests were conducted 2 days after surgery. According to Silbert and colleagues, 25 cognitive testing should be possible as early as 18 h after cardiac surgery with a completion rate above 60%. However, in the present study, only 53% completed the cognitive tests on day 2 after surgery. We did not discriminate the reasons for not being able to conduct the tests. This could be ongoing sedation in the ICU or inability to communicate with the investigators due to disorientation. Interestingly, the patients who could or could not conduct the cognitive testing had a comparable preoperative EuroScore, type of surgery, and duration of surgery and CPB and comparable intraoperative haemodynamics but differed in the baseline Sc O 2 . Patients who could not completely accomplish the cognitive tests had a longer ICU stay even though the group differences in ventilation time did not reach statistical significance. Old age, low educational level, and intraoperative cerebral desaturation were identified as independent risk factors for not being able to perform a cognitive test 2 days after surgery. The predictive power of age, educational level, and low Sc O 2 on the ability to take part in cognitive testing supports the theory that these factors characterize a group of patients with low cognitive reserve. Even though the distinct effects in animal and in vitro studies are suggestive of a clinical significance of anaesthetic preconditioning of the brain, 13 clinical data on neuroprotective effects of volatile anaesthetics are scarce. 15 26 A small retrospective study showed no effects of sevoflurane on long-term cognitive function after CABG; 26 another small prospective study showed no benefit of isoflurane compared with propofol regarding cognitive function. The present study shows prospectively that patients after sevoflurane-based anaesthesia showed better results than patients after propofol-based anaesthesia in four independent cognitive tests, despite a comparable pre-and intraoperative risk profile. This finding suggests neuroprotective properties of sevoflurane. As the differences in cognitive performance did not affect ventilation times, or length of stay in the ICU or the hospital, they could be interpreted as a short-term effect on recovery after anaesthesia 27 with questionable clinical relevance. But early cognitive disturbances have been shown to be associated with a higher risk of long-term cognitive impairment with severe impact on the quality of life. The most interesting hypothesis of the present study was the question whether a sevoflurane-based in comparison with a propofol-based anaesthesia regimen might attenuate the effects of cerebral desaturation on cognitive outcome after on-pump cardiac surgery. And indeed we found a significant interaction between the anaesthesia regimen and cerebral desaturation in all cognitive tests. This result has to be interpreted carefully, as the groups showed preoperative interaction with regard to age, with patients receiving propofol and suffering desaturation being older. This means that the group might have lower cognitive reserve and therefore be more vulnerable to cerebral damage. The great number of more complex surgical procedures in this group indicates that patients receiving propofol and having desaturation might sustain greater surgical trauma and might therefore be prone to greater cerebral damage. However, the longer duration of CPB in the sevoflurane group likewise means cerebral hazard.
Keeping in mind these limitations, this finding might be carefully interpreted as a preconditioning effect of sevoflurane on cerebral tissue. In an animal study by Zhu and colleagues, 29 sevoflurane has recently been shown to precondition the brain to inflammatory changes and ischaemia. 30 The results of the present study are at least suggestive of a clinical relevance of the preconditioning effects of sevoflurane on neuronal tissue. Whether these effects are based on reduction in inflammatory response or ischaemiaprotective mechanisms cannot be differentiated by the present data. However, this assumption has to be verified in a more homogeneous population with a completely comparable preoperative condition and surgical trauma. We found no impact of the anaesthetic regimen on major outcome criteria, like major organ dysfunction, ventilation time, or length of stay in the ICU or the hospital, or laboratory results. However, these findings are in line with recent observations of De Hert and colleagues, 31 who could not show any differences in troponin T in an unselected group of patients after on-pump cardiac surgery between i.v. and volatile anaesthesia. Interestingly, we did find a disproportionately high number of patients with one or more major organ complications in the group with cerebral desaturation under propofol-based anaesthesia. Previously, our own group could show an association between preoperative cerebral oxygenation and postoperative morbidity and mortality. 32 A low cerebral saturation can be interpreted either as a sign of temporarily inadequate regional or global haemodynamic condition. An association between intraoperative cerebral desaturation and postoperative morbidity would therefore make sense even though the documented intraoperative parameters did not indicate any group differences in the global haemodynamic condition. The alternative interpretation would be the theory of Sc O 2 being an indicator of underlying cerebral small vessel disease that might reduce cognitive reserve.
The major limitation of the present study is the group size. Despite the power analysis to calculate the sample size, the effective group size was much smaller due to the inability of patients to perform cognitive tests and a large number of missing values having to be amended. This certainly weakens the information given by the present study. On the other hand, the differences in the number of dropouts in the study groups have to be interpreted as results of the intervention.
Another limitation is the lack of long-term outcome testing. The effect of early cognitive function on long-term cognitive performance was not subject to the present study. But it has been shown that early cognitive deficits can be associated with long-term functional decline and impaired quality of life. 4 A major limitation in this context is that we had no standardized test on delirium as a global cerebral deficit. The CAM-ICU would have been a suitable tool to detect hyperand hypoactive delirium. 33 We only used the AMT, which can be interpreted as a global cognitive test 22 but is not specific for delirium. So, we cannot state any differences between sevoflurane and propofol regarding the incidence of postoperative delirium. The data seem to be weakened by the fact that patients of both groups received propofol during CPB and after operation for sedation in the ICU. This interference in the treatment could not be avoided due to technical reasons. The characteristic of anaesthetic preconditioning is that the protective effect outlasts the duration of application of the volatile anaesthetic. 34 The fact that we applied propofol during the potentially harmful period of CPB, therefore, does not contradict the assumption of the preconditioning effects of sevoflurane.
In conclusion, the present study shows that an intraoperative cerebral desaturation is associated with a worse early cognitive outcome after on-pump cardiac surgery, and this effect may be exaggerated in patients who have evidence of diminished cognitive reserve before operation. Further, the possibility exists that sevoflurane-based volatile anaesthesia regimen might be associated with better cognitive function compared with a propofol-based anaesthesia regimen.
Further investigation is needed to confirm the impact of sevoflurane on global cerebral deficits and to identify possible subgroups of patients who particularly benefit from volatile anaesthesia regarding cognitive function.
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